Damage to axons and glial cells in the central nervous system (CNS) white matter is a nearly universal feature of traumatic brain injury, yet it is not clear how the tissue mechanical deformations are transferred to the cellular components of the CNS. Defining how cellular deformations relate to the applied tissue deformation field can both highlight cellular populations at risk for mechanical injury, and define the fraction of cells in a specific population that will exhibit damage. In this investigation, microstructurally based models of CNS white matter were developed and tested against measured transformations of the CNS tissue microstructure under simple elongation. Results show that axons in the unstretched optic nerves were significantly wavy or undulated, where the measured axonal path length was greater than the end-to-end distance of the axon. The average undulation parameter-defined as the true axonal length divided by the end-to-end length-was 1.13. In stretched nerves, mean axonal undulations decreased with increasing applied stretch ratio ()-the mean undulation values decreased to 1.06 at ϭ1.06, 1.04 at ϭ1.12, and 1.02 at ϭ1.25. A model describing the gradual coupling, or tethering, of the axons to the surrounding glial cells best fit the experimental data. These modeling efforts indicate the fraction of the axonal and glial populations experiencing deformation increases with applied elongation, consistent with the observation that both axonal and glial cell injury increases at higher levels of white matter injury. Ultimately, these results can be used in conjunction with computational simulations of traumatic brain injury to aid in establishing the relative risk of cellular structures in the CNS white matter to mechanical injury.
Introduction
The central nervous system ͑CNS͒ white matter is composed of myelinated axons, a supporting glial cell network, and an innervating vascular system. Damage to the CNS white matter is a nearly universal consequence of brain and spinal cord injury, and is the largest contributor to poor neurological outcome in survivors of brain and spinal cord trauma ͓1͔. Mechanical strain is considered the proximal cause of injury to the CNS white matter, with secondary ischemic insults potentially exacerbating the initial structural and functional damage that occurs at the moment of injury ͓2͔. Previous work has shown that dynamic stretch of the guinea pig optic nerve-a small, isolated bundle of CNS axons aligned in parallel-produces the same histopathological changes found in white matter injury in humans. Moreover, the guinea pig optic nerve contains the same organotypic architecture of the human optic nerve, and both are considered reasonable representations of white matter tracts within the brain ͓3͔.
Although the macroscopic, tissue level deformations for white matter injury are now estimated from work using the guinea pig optic nerve ͓4͔, these mechanical thresholds do not allow a precise estimate of the mechanical strains experienced by cellular elements of the white matter. A more precise definition of the relationship between the applied macroscopic conditions during trauma and the resulting cellular deformations under these loads will identify the cell populations that are mechanically at risk for damage, and also highlight the mechanical sensitivity of cells or subcellular elements in the white matter to mechanical trauma. For example, data from in vivo studies of white matter injury show that not all axons are damaged at a fixed level of stretch. At increasing levels of stretch, the relative number of injured axons increases, as does the relative injury to the glial cells surrounding the axonal network ͓5,6͔. Both of these observations suggest a complex recruitment and mechanical loading of axons and glial cells under even simple extension loading. Despite the potential of axonal recruitment on understanding the neuropathology of traumatic axonal injury, though, only one study has examined the kinematics associated with cellular and/or subcellular elements in the white matter during simple mechanical stress states ͓7͔. Although the study demonstrated how the axonal tracts change their geometry during simple loading, a quantitative description relating tensile strain applied to the spinal cord and the resulting geometrical changes in the axons of the white matter were not developed.
Based on the progressive increase in the distribution of axonal and glial injury in white matter tissue with higher levels of applied stretch, we hypothesized that the axons within the white matter become more firmly tethered to the glial cell matrix at higher elongation levels, and that this tethering will be observed by tracking the changes in the axonal microstructure during simple elongation. In this study, we present a mathematical description of the kinematics for axonal deformation in the white matter of the CNS using separate modeling approaches to reflect the potential coupling of the axons to supporting cells within the CNS. We model the microstructural changes that occur in the guinea pig optic nerve under simple extension, a loading condition that is capable of causing white matter injury at sufficiently high elongation rates ͑Ͼ10 s Ϫ1 ͒ ͓8͔. We show that a gradual coupling of the axons to the glial matrix is a more reasonable description than models assuming ͑a͒ a uniformly coupled or ͑b͒ an uncoupled behavior between the axonal elements and glial matrix fraction across the studied elongation levels. We view this study as the first step in a more detailed description of how the different cell populations in the CNS contribute to the mechanical properties and functional response of the tissue following mechanical stimulation, and will provide a starting point for defining the mechanical tolerance of other cells in the white matter that show damage during brain and spinal cord injury.
Methods
Microstructural Characterization. Adult, male, Hartley, albino guinea pigs ͑600-700 grams; nϭ6 animals͒ were euthanized with a lethal dose of sodium pentobarbital ͑60 mg/kg͒, and exsanguinated with 0.1% heparinized saline. Optic nerve length, defined as the distance from the posterior surface of the globe to the optic chiasm, was measured using digital calipers for both the right and left optic nerve prior to removal. Measurements on the axonal microstructure in unstretched nerves from three separate animals showed that the microstructure was not statistically different across animals ͑Kolmogorov-Smirnov testing; pϾ0.5͒. Therefore, the data from a stretched optic nerve was not paired with data from the unstretched optic nerve from the same animal. The nerves ͑nϭ12 total͒ were excised and restored to their in vivo length, and the ends of each nerve were pinned to a petri dish. The nerves were then elongated manually at a slow rate ͑Ͻ1 mm/s͒ once to one of four levels, corresponding to stretch ratios of ϭ1.0 ͑unstretched͒, 1.06, 1.12, 1.25. Using enamel markers on the surface of the nerve, separate studies showed that the elongation of the optic nerve produced a reasonably uniform tissue strain along the length of the optic nerve ͓4͔. Moreover, slow loading rates were used to avoid any potential overstretching of the tissue, and minimize potential viscoelastic loading effects. Three separate nerve samples were elongated at each stretch ratio, yielding a total of 12 nerves used for the study. A preliminary power analysis showed that relatively small changes in the average microstructure ͑e.g., difference of 0.01͒ could be detected with Ͼ95% statistical power using this study design. Once displaced to the final stretch condition, each nerve was fixed with 10% neutral buffered formalin for 24 hours.
Individual nerves were embedded in gelatin and cut on a freezing microtome into longitudinal sections 16 m thick and stored in phosphate buffered saline ͑PBS͒ for no longer than 24 hours. The sections were stained with the antibody SMI 31 ͑Sternberger Monoclonals, Inc., Baltimore, MD͒, which stains phosphorylated medium and heavy-weight ͑160 and 200 kD͒ neurofilament proteins that are prolific in normal axons, as previously described ͓9͔.
In the central nervous system, the neurofilament proteins are the most abundant protein in the axon, and fill the bulk of the axoplasm space. Therefore, labeling of the neurofilaments provides a reasonable estimate of the axonal geometry.
Immunostained nerve sections were mounted on slides, coverslipped, and viewed with light microscopy ͑Nikon, Inc., Tokyo, Japan͒ using a 60ϫ objective. Care was taken to ensure that the length of the longitudinal sections were consistent with the measured length prior to cutting on the freezing stage microtome. The optic nerve samples were embedded within gelatin following pinning and fixation but prior to cutting on the microtome, making sure to keep the nerve at its in situ length. By embedding using gelatin and avoiding paraffin embedding, the freezing and cutting process produced no detectable change in the length or diameter of the specimens as measured by calipers.
For each nerve section, approximately sixty images evenly distributed along the length of the nerve section were acquired under bright field microscopy ͑AIS Image, Imaging Research, Inc., St. Catherines, Ontario͒ ͑Fig. 1͑a͒͒. Five randomly located axonal segments from each of the sixty digital images were chosen for analysis, yielding approximately 300 axonal segments that were characterized for a single nerve sample. These segments were randomly selected from the digital images of the nerve, and represented a distribution of axon caliber within the nerve. Each axon in the digital images was assumed to represent a separate axon in the optic nerve, and the morphology of the axon could be visualized for several undulation cycles. True length (L T ) and undulated ͑end-to-end͒ length (L U ) were measured ͑NIH Image, NIH, Bethesda, MD͒ ͑Fig. 1͑b͒͒ for each axonal segment. The measured undulations of axons from the three separate nerve samples at a specific stretch level were combined into a single dataset for the stretch level. In turn, the resulting dataset at each stretch level was analyzed using a frequency histogram, and the mean undulation for the population was calculated.
To evaluate potential differences in axonal undulation along the length of the nerves within a given stretch level, the nerve was divided into four equal segments and the mean undulation was calculated for each segment. For the three nerves at each stretch level, the average mean undulation was calculated for each of the four regions. For each stretch level, a one-way analysis of variance ͑ANOVA͒ ͑Statistica, Statsoft, Inc., Tulsa, OK͒ was employed to detect significant differences (pϽ0.05) among the four areas.
Microstructural Modeling. In general, the microstructural components of biological tissues respond to an applied deforma- "b… Axonal microstructure was described using an undulation parameter "U…, based on the end-to-end distance length of an axon "L U …, and the true path length "L T … of the axon. Undulation parameters closest to 1.0 indicated axons that appeared nearly straight; increasing levels of undulation above 1.0 described axons that were undulated, or 'wavy' in appearance.
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DECEMBER 2003, Vol. 125 Õ 799 tion based on the interconnectivity of elements at the microscopic level. If the cellular elements are tightly coupled together, one may assume that the cellular elements follow exactly the applied bulk strain pattern ͑i.e., an affine deformation͒. In contrast, the cellular elements may have very little connectivity and therefore act independently of each other; the resulting deformation of the cellular elements will not correspond directly with the applied bulk strain field. In this study, we examined three possible transformations for defining how the axons deform within the white matter under simple elongation. These three approaches were based on three different approximations for the coupling between the axonal elements and the supporting glial cells-principally the oligodendrocytes and astrocytes-over the range of stretch conditions examined experimentally. Complete coupling between axons and glial network-For this approximation, it is assumed that the axons in the optic nerve are tightly interconnected with the glial network, and the axons experience locally the same geometric transformation as the macroscopic tissue. For this analysis, we assumed that the geometry of an undulated axon ͑y͑z͒͒ could be modeled as a periodic wave ͑Fig. 2͑a͒͒:
where A o is the amplitude of the wave, T o is the period, and z is the axis along the length of the axon. Assuming incompressibility for the optic nerve, the amplitude and period of an axon under simple extension loading of the tissue become A o () Ϫ1/2 and T o , respectively, and the equation of the stretched axon's geometry ͑yЈ͑z͒͒ changes accordingly ͑Fig. 2͑b͒͒:
At a point ͑z͒ along the length of the axon, the undulation of an axon over a small interval ͑dz͒ is given by:
The average undulation of the axon (U o ) over a length (L u ) along the axis of the axon is therefore given by:
Similarly, for the axon under simple extension loading ͑͒, the transformed undulation (U t ) becomes:
There is no closed form solution for Eqs. ͑4͒ and ͑5͒; as such, we approximated the solutions using a simplification that applies for undulation values close to 1.0. For these undulation values, we used the assumption:
and therefore,
substituting the equations describing the axonal geometry in the undeformed ͑Eq. ͑1͒͒ and deformed ͑Eq. ͑2͒͒ into Eq. ͑7͒ yielded two separate expressions for the average undulation of an axon over an interval. The two expressions were used to develop a final relationship between the transformed undulation (U t ) and the initial undulation (U o ) based on the stretch ratio applied to the tissue ͑͒:
Numerical integration of Eqs. ͑4͒ and ͑5͒ for the range of undulations observed in the optic nerve and typical stretch values shows an error from the approximation in Eq. ͑6͒ of approximately 0.003 for an undulation value of 1.5 and an applied stretch of 1.25.
No coupling between axonal and glial elements-When the axons within the white matter are assumed to be completely uncoupled with the surrounding cells and matrix, the microstructural transformation is calculated more directly-the undulated length of an axon increases in correspondence to the new displaced length of the nerve, while the true length of the axon remains the same. An axon is completely straight when the nerve stretch ratio ͑͒ is equal to the axon's original undulation (U o ) ͑Fig. 3͒. Therefore, the transformed undulation (U t ) of an individual axon becomes the ratio of L T to the new undulated length (L N ). U t can be described at any optic nerve stretch in terms of the nerve stretch ratio and the original undulation of the axon:.
Using this transformation, population averages and statistical distributions can be predicted for a bundle of axons within the optic nerve at any stretch level, given the original population distribution.
Gradual coupling of the glial matrix to the axonal elements-Rather than assuming a local cellular connectivity that applies for all axons within the optic nerve, a final approach is to consider a "a… The axon path is represented by a periodic wave with amplitude, A o , and period, T o . "b… When elongated to a stretch ratio of 1, the amplitude of the path decreases to A o Õ À1Õ2 , while the path period increases to T o . Therefore, both the computed path length and the end-to-end distance of the axon will change for the applied stretch condition, yielding a new undulation value "U t … that is approximated by the equation shown.
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Transactions of the ASME situation in which the coupling of the axon to the glial cell matrix changes from an initial uncoupled state to a coupled behavior beyond a specific elongation point. This formulation is an attempt to model the progressive recruitment and damage of the glial cells within the white matter after stretch injury. Each axon will display a unique transition point from uncoupled to coupled behavior. The formal statement of this model is as follows:
For UϽU 1 , all axons are coupled directly to cells and follow the transformation described by Eq. ͑8͒, For UϾU 2 , all axons are not affected by the surrounding glial cell matrix and follow the transformation described by Eqs. ͑9A͒ and ͑9B͒, and For U 1 ϽUϽU 2 , a unique transition point (U tp ) exists for each axon that defines the switch from uncoupled (U uncoupled ; Eqs. ͑9A͒͒ and ͑9B͒ to coupled (U coupled ; Eq. ͑8͒ behavior͒. The transition point is defined separately for each axon, and is randomly assigned between the range from U 1 to U 2 . Therefore, the fraction of the axonal population experiencing complete coupling behavior grows linearly as the applied stretch level increases.
Statistical Comparison of Modeling Approaches.
To compare the measured changes in axon microstructure with the predictions from the proposed modeling approaches, a statistical test for goodness of fit was used. For each stretch ratio, predictions from the modeling approaches were compared to experimental measurements of the undulation distribution using Kolmogorov-Smirnov ͑KS͒ testing ͓10͔. Predicted and measured distributions were considered different for p values less than 0.05.
Results
Microstructural Characterization. The SMI 31 antibody stained optic nerve sections evenly and highlighted many undulated axons under normal light microscopy. Axons were visualized for long distances, suggesting that they follow an in-plane, or 2-D route through the optic nerve. In general, axons were highly aligned along the longitudinal axis in most areas of the nerve, and exhibited areas with little overlap with neighboring axons.
Most axons visualized in unstretched nerves were highly undulated, although calculated undulations ranged from 1.00-1.40 ͑Fig. 4͑a͒͒. Undulation histograms showed a relative frequency of nearly zero for undulations of 1.00 in unstretched nerves and generally showed a gradual increase in frequency until undulations of roughly 1.10-1.15. At higher undulations, the frequency of axons tapered slowly, and eventually approached zero. Although the highest undulation calculated was 1.50, few axons ͑Ͻ1%͒ exhibited undulations greater than 1.33. The mean undulations calculated for the unstretched nerves were not significantly different ͑Kolmogorov-Smirnov testing, pϾ0.5͒. Therefore, the data from the three unstretched nerves were combined into a single distribution with an overall mean undulation of 1.13 ͑Fig. 4͑a͒͒.
For unstretched nerves, the mean undulation calculated for the four different regions of the nerve did not vary significantly along the nerve's length. Some nerves exhibited a slightly higher mean undulation in a region near the retina, while the largest mean undulation was observed in the middle region of another nerve. After grouping the three nerves at each level, there were no statistically significant differences among the regional means detected by a one-way ANOVA.
When nerves were elongated to stretch ratios of 1.06, many undulated axons were still visible. However, some axons appeared completely straight and the overall mean undulation of the three grouped nerves at this level subsequently decreased to 1.06. As expected, the combined frequency distribution shifted noticeably to the left as the average undulation decreased ͑meanϭ1.06͒, with the maximum relative frequency occurring at a much lower undulation level ͑1.05͒ and tapering off more quickly ͑Fig. 4͑b͒͒.
When nerves were fixed at higher stretch ratios ͑ϭ1.12,1.25͒, more axons appeared completely straight and few axons were undulated appreciably. At these levels, the combined undulation distribution no longer resembled the initial, unstretched distribution, but rather was similar to an exponential distribution ͑Figs. 4͑c͒ and 4͑d͒͒. A high percentage of axons had undulations of 1.0, and the distributions quickly decreased to zero at undulations above 1.05. The overall mean undulation decreased to 1.04 at a stretch ratio of 1.12 and to 1.02 at a stretch ratio of 1.25.
Microstructural Modeling. Complete coupling of the axonal elements to the glial cell matrix-Assuming the axons are coupled tightly to the surrounding cells at all applied stretch levels, the measured axonal undulations shown in Fig. 4͑a͒ were transformed for the three different stretch levels. As stretch levels increased, predicted mean undulation values decreased. However, undulations predicted by this model were considerably higher than those observed experimentally, and the spectrum of predicted undulation values encompassed a range larger than the range measured experimentally ͑Fig. 5͑a͒͒. At ϭ1.06, the predicted mean undulation was 1.11, much higher than the experimental mean of 1.06. This difference increased at ϭ1.12, where the model produced a mean undulation of 1.10 compared to a measured undulation of 1.04, with the disparity continuing at the highest stretch level of ϭ1.25, where the predicted mean of 1.07 was considerably higher than the experimentally measured value.
More noticeable differences are observed when examining the cumulative frequency histogram of predicted and observed microstructural changes ͑Fig. 5͑a͒͒. Kolmogorov-Smirnov goodness of fit tests showed that none of the predicted distributions matched the measured distributions, each showing significant differences at all stretch ratios. Moreover, a diverging trend was particularly noted in the predictions at higher stretch ratios, with predictions for the highest stretch ratio showing the most marked difference with the measured microstructural characteristics at this level ͑p Ͻ0.001͒. Although slightly shifted and broadened, the histograms describing the predicted axonal microstructure maintained its shape, resembling a Gamma distribution even at stretch ratios of 1.25.
No coupling between the axonal and glial elements-Assuming the axons are uncoupled to the surrounding glial cell network, the axonal undulations, represented by the distribution shown in Fig.  4͑a͒ , were transformed for the three different stretch levels using Eqs. ͑9A͒ and ͑9B͒. At a stretch ratio of 1.06, the undulation of the axons and the range of undulations predicted by a non-affine deformation were very similar to those observed experimentally, with the mean undulation ͑1.07͒ differing only slightly from the experimental mean of 1.06 ͑Fig. 5͑b͒͒. At increasing levels of stretch, however, the predicted changes were more pronounced than the measured microstructural parameters. At an applied stretch of 1.12, the predicted mean undulation was 1.02 in comparison to a measured mean of 1.04. At the highest level of applied stretch ͑ϭ1.25͒, the difference remained approximately the same between measured ͑1.02͒ and predicted ͑1.001͒ values of the mean undulation.
The shape of the measured cumulative frequency distribution differed from the predicted distribution using a complete coupling behavior, and showed a slightly better match to the experimental data at the lowest elongation level ͑Fig. 5͑b͒͒. However, Kolmogororv-Smirnov goodness of fit tests showed that none of the predicted undulation distributions matched the measured populations at any of the stretch levels. With the assumption of no coupling between the glial cell matrix and the axonal elements, the predicted distributions quickly shifted to show a large fraction of axons at low undulation values, changing the predicted shape of the distribution to resemble more of an exponential shape. The shape difference in the histograms describing measured and predicted axonal microstructure decreased at higher stretch ratios, with both predicted and measured displaying similar shapes at the highest stretch level of 1.25.
Gradual coupling of the glial matrix to the axonal elements-Using a transformation that models the graded recruitment or tethering of the glial matrix to the axonal elements, the original unstretched population of axons was transformed according to the relationships described earlier. The limits defining the transition to complete coupling behavior (U 1 ) and the regime of completely uncoupled behavior (U 2 ) were defined by the response of the model across all stretch ratios by minimizing the difference between the predicted and measured changes in the population. With limits established (U 1 ϭ.98; U 2 ϭ1.08), the model was compared to measured changes in the microstructure. Across all stretch levels, the mean undulations predicted from this model matched the measured values well, showing no significant difference at any of the applied stretch levels ͑pϾ0.15͒.
The shape of the cumulative frequency histogram predicted from this gradual transformation model matched best the measured data on axonal geometry during simple elongation ͑Fig. 5͑c͒͒. Kolmogorov-Smirnov testing showed no significant difference between the measured and predicted changes at all levels of stretch, unlike the two models described earlier. The span of the frequency distribution followed the experimental trend at all stretch levels ͑Fig. 5͑c͒͒, and changed to an exponential shape at the highest stretch level, much like the experimental distribution.
Discussion
In this investigation, we studied how a macroscopic strain field applied to a white matter tract, the guinea pig optic nerve, results in the deformation of the underlying axonal microstructure by comparing analytical descriptions of the transformation to an experimental characterization of the nerve. We determined that optic nerve axons in the unstretched state are undulated to varying degrees, and that the axonal microstructure changed significantly as the optic nerve was elongated. Our major finding supported our hypothesis that a transitional mechanics model-which described an initial uncoupled deformation phase for the axons within the glial matrix that is followed by an increasingly affine or coupled deformation phase-best represents the axonal microstructure changes as the optic nerve is subject to simple extension.
The appearance of the axonal microstructure in the spinal cord during normal neck flexion and extension has been reported previously ͓7͔. The results from this past study show the undulated appearance of the axons in full-neck extension, with the microstructure straightening noticeably when the neck was placed in full flexion. No attempts to quantify either the strain in the spinal cord or the microstructure during these maneuvers was conducted. The results in this paper represent the first detailed quantification of the undulated nature of the CNS microstructure and its transformation under applied loading. Clearly, the importance of the microstructural characteristics of biological tissue, and its corresponding role in structure-property relationships for the tissue, has been studied for other soft tissues ͓11-14͔. Applying these principles to the white matter will allow the development of similar structure-property-function relationships that can be applied to understand the response of the white matter to mechanical forces that are both physiological and non-physiological ͑e.g., traumatic injury and growth͒ in nature.
In this analysis, we recognize that the validity of our data ultimately relies on the quality of our methods and techniques. Although there are many effective ways to visualize axonal projections, there were several advantages to using neurofilament antibody immunohistochemistry. Nerves could be excised and fixed in vitro without losing their antigenicity and could be viewed under light microscopy. By identifying a major unit of the cytoskeletal network ͑i.e., the neurofilaments͒, the axonal microstructure was more directly observable and did not need to be estimated using other techniques, such as staining for myelin basic protein. Effects of tissue shrinkage were also considered, as these may affect microstructural geometry. Shrinkage effects were mitigated by pinning the ends of the nerve during fixation, and by avoiding paraffin-embedding, which often contributes to tissue shrinkage through a series of hydration/dehydration steps. No detectable change in width was observed in the transverse direction, and the lengths of the slide-mounted nerve sections were never less than the measured in vivo lengths. Moreover, because artifact due to these procedures is rarely reproducible, the repeatability of our measurements across nerve sections at a fixed in vitro elongation level suggested shrinkage was not a significant error in our measurements. Finally, any quantification of immunohistochemical results may not be clear because the quality of the stain is often inconsistent between nerves or between different areas of a single nerve. However, each nerve resulted in 30-35 evenly and uniformly stained sections from which we chose our sections for analysis. Consequently, we believe that our results were not affected by inconsistent staining.
The relationship between the microstructural components of the CNS and the deformation applied to the tissue provides a useful insight into the pathophyisological response of the white matter to stretch, as well as potential implications for a stress-stretch relationship for the white matter. A previous study has shown that only a small fraction of the axons in the white matter will display any abnormal pathology following stretch, although this fraction of injured axons will increase as the injury severity increases ͓8͔. The nonuniform patterns of axonal pathology parallels the heterogeneous transfer of applied deformation predicted from our analytical description. At a given level of tissue stretch, all axons are not deformed the same amount. Rather, the axonal population displays a range of stretch conditions. Based on recent in vitro studies using cultured CNS axons, it is likely that only the axons that experience the highest levels of stretch will show a pathophysiological response ͓15͔. The fraction of axons above this pathophysiological stretch threshold increases proportionally with the level of applied tissue stretch, therefore increasing the fraction of injured axons or 'severity' of the injury at higher levels of stretch. In addition, the increasing recruitment of axons and glia at higher levels of stretch suggests a strongly nonlinear stress-stretch behavior for the white matter. Recent studies suggest that there is a marked nonlinearity of brain tissue in shear ͓19͔, some of which could be explained by the microstructural changes.
Significant limitations of this study include the potential damage and load transfer problems associated with the pinning technique to elongate the samples, the slow elongation of the samples in contrast to the rapid rates used to cause axonal injury, and the post-mortem condition of the tissue. First, although care was taken to ensure that the pins are attached firmly into the tissue prior to elongation, no quantification of the local strain field surrounding the pins was made in this study. Although none of the tissue sections showed noticeable tearing at the pin attachment site, the applied strains noted in this study are approximated as the overall applied strains and do not represent local strain measures. Second, the slow elongation protocol was used to ensure that final displacement condition was reached, but not exceeded. Additionally, concerns regarding tissue tearing at higher rates could be minimized with the slower rate. Therefore, these data do not explicitly model the microstructure changes that can occur during the higher rates ͑ϳ1-10 s Ϫ1 ͒ associated with axonal injury. Finally, the tissue was tested as rapidly as possible following removal to minimize any post-mortem effects. No noticeable signs of tissue degradation were observed in the tissue sections, and no signs of primary axotomy were observed in any of the tissue samples.
The microstructural models not only allow one to better assess the underlying mechanisms and tolerance for axonal pathology, but also provide possible insight into the relative risk of the glial cellular structures to injury following dynamic stretch. Although we considered the possibility of simple frictional forces among axons that could induce the transition from uncoupled to coupled behavior, interactions between axons and other components in the white matter were a more likely explanation due to the characteristics of the cellular architecture. For example, a single oligodendrocyte-the myelin-producing glial cell of the CNSmyelinates several axon segments, and many oligodendrocytes are required to fully myelinate an axon. Therefore, the network of oligodendrocytes may act mechanically as crosslinks that affect the kinematic behavior of nerve. Clearly, the mechanical properties and geometry of the oligodendrocytes will affect the transition, or cross-linking point, between coupled and uncoupled behavior. The randomized transition point used in the mixed formulation approach is an approximation of the difference in the mechanical properties and geometry for the population of oligodendrocytes, but likely does not model completely the factors that define this transition process. Nevertheless, the results from the mixed formulation approach suggest the oligodendrocytes will sense the applied mechanical load at higher elongation levels, and
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DECEMBER 2003, Vol. 125 Õ 803 therefore may be at risk for primary mechanical injury. It is worth noting that recent studies in brain and spinal cord injury show an acute oligodendrocyte response after mechanical injury in support of these predictions, with an increase in the severity of white matter injury corresponding to an increasing amount of oligodendrocyte damage ͓5,6͔. Finally, with the additional insight into how applied strain fields are reflected in the deformation of the axonal microstructure, it is now possible to use this analysis and link the mechanical thresholds established at the tissue level for the guinea pig optic nerve to many different regions of the human CNS. Combined with an examination of the microstructure of anatomical areas such as the corpus callosum, the internal radii, or the spinal cord, the current results can be scaled appropriately to define the specific mechanical parameters necessary to cause injury in these areas. These results will be particularly useful for finite element analyses that are capable of defining mechanical response of the brain to impact loading ͓16 -18͔, but lack the regional tolerance information to determine the relative proportion of the white matter that will be injured for a specified impact. Using measurements of microstructure across different brain regions to determine microscopic mechanical thresholds for white matter injury, it will become feasible to predict both the severity and extent of diffuse axonal injury ͑DAI͒ that would occur in a given impact situation. Together, these efforts could significantly enhance the understanding of the conditions that cause white matter injury in man and lead to the development of better safety technologies to mitigate the incidence of DAI in the population.
